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A3STK1CT 

The  electrical  conductivity  of  gold  blacks  ie  evaluated  from  reflec- 
tion and  transmission  measurements  in  the  far  infrared.  For  sufficiently 
thin  eanplee  and  sufficiently  large  wave lengths  a oleeed  expression  le  de- 
rived, relating  the  electrical  conductivity  of  the  gold  black  direction  to 
the  absorption  and  transmission  coefficient.  It  is  found  that  the  electri- 
cal conductivity  varies  with  wavelength,  and  for  wavelengths  larger  than 
105  microns  this  variation  is  attributed  to  a relaxation  effect.  The  re- 
laxation tine  of  electrons  in  gold  blacks  Is  found  to  agree  closely  with 
that  in  bulk  gold. 


INTRODUCTION 

Metal  blacks  have  been  found1  to  have  a very  low  density,  and  yet 

XL.  Harris  and  3.  X.  Beasley:  J.  Opt.  Soc.  Am.  42,  134  (1952) 

they  conduct  a direct  current.  This  has  led  to  the  conclusion  that  their 
structure  Is  yarn-like,  with  conducting  strands  spaced  relatively  far 
apart.  Maxwell's  theory  of  electromagnetic  radiation  has  been  applied 
to  correlate  the  optical  (infrared)  and  electrical  properties  of  the 
blacks.  When  radiation  ie  incident  on  a black,  a rapidly  alternating 
field  acts  on  the  electrons  in  the  black,  rad  the  conductivity  expresses 
the  response  of  the  electrons  to  the  imposed  electrical  field.  Several 
factors  may  make  the  conductivity  dependent  on  the  wavelength;  these  are: 
A Gap*  in  the  metal  strands  consisting  of  either  insulating  im- 
purities or  air,  do  not  pas*  a direct  current,  but  may  act  as  condensers. 
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Sine*  the  impedance  of  a branch  of  an  electrical  network  containing  a 
condenser  depends  on  the  frequency,  the  apparent  conductivity  ef  inter- 
rupted strands  in  gold  black  changes  with  the  frequency  of  the  incident 
infrared  radiation.  Thus  the  "optical  conductivity"  confuted  from  trane- 
nlsslon  and  reflection  data  is  actually  an  admittivlty.  With  increasing 
frequency  of  the  incident  radiation  more  strands  become  capable  of  con- 
ducting current.  Therefore  this  "condenser  effect"  causes  the  optical 
conductivity  to  decrease  with  increasing  wavelength  of  the  incident  radi- 
ation. 

B According  to  Crude*  and  Zener*  electrons  have  a finite  relaxation 

•p.Drude,  The  Theory  of  Optics  (Jongrans  and  Co.,  Bew  York,  1902) 

*C. Zener,  feture  1J2,  968  (1933) 

tine,  which  causes  them  to  lag  behind  the  Imposed  emf.  This  lag  Increases 
with  increasing  freqency  of  the  imposed  field.  This  "relaxation  effect" 
causes  the  effective  conductivity  to  Increase  with  increasing  wavelength 
of  the  incident  radiation* 

C At  resonance  frequencies  the  optical  absorptivity,  and  hence 
the  conductivity  computed  from  optical  measurements,  passes  through  a 
maximum* 

Tor  gold  blacks  the  effects  of  the  three  factors  A,  B,  and  C appear 
to  mmm  in  different  wavelength  regione.  Besonance  frequencies  lie 
mostly  in  the  visible  and  near  infrared  regions.  Tor  wavelengths  greater 
than  100  microns  only  those  strands  appear  to  conduct  which  can  conduct 
direct  current.  Conductivity  across  gape  only  occurs  appreciably  for 
wavelengths  shorter  than  100  microns,  as  will  be  shown  below.  Since  the 
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k • absorption  coefficient  of  conducting  flla. 

'l/I« 

i - fT 

• (9n/X)  (n  ♦ lk) 

X » wavelength  of  incident  radi  .tion 
a * thleknees  of  condor'  ing  flla. 

The  ortteaTl  constant?  are  related  to  the  conductivity  and  permittivity 
of  the  media  by  the  relatlonel 

nk  » J ya**  (A/m)  (?*q.  3) 

»•  - k*  - (pt/p0&0)  (Zq.  4) 

where 


o~  * conductivity  of  the  conducting  flla 

t a permittivity  of  the  conducting  film 

t ■ permittivity  of  vacuum 
- o 

£ m permeability  of  the  conducting  fila 
« permeability  of  vacuum 
e ■ velocity  of  radiation  in  vacuo. 

The  quantity  ji c^a  ie  dimensionless,  ;*nd  is  called  "reduced  conductivity 
per  square"  of  conducting  film,  hr  will  be  seen  below,  it  Is  directly  re- 
lated to  the  optical  properties  of  films. 

The  inverse  relation*  of  Sqe.  (3)  end  (4)  are  given  by  Zqs.  (5)  and 


<2q.  5) 


(Eq.  6) 


3. 

mnrtMBti  reported  In  this  paper  were  all  aada  with  radiation  of  waro- 
longtb  creator  than  100  ai crone,  the  ral<  ration  effect  ie  the  deniaant 
one  to  he  ooaeidered  here. 


THEORY,  Part  X COIDOCTITITT  AS  A fCWCflOl  Of  A15QHPTI0B  A8D 

®A1P>MIS310I 

Barrie,  Beasley  and  Leeb4  hare  derired  expreetioai  for  the  reflection 


4**T«r*r.  4l,  6o4,  1951 

C7”  d(*F  -Sec . 4 • 

and  transmission  ef  radiation  by  thin  conducting  filne  ae  functions  of 
the  optical  oonetante,  n and  k,  ef  the  film,  the  thiakneoe  of  the  film, 
the  index  ef  refraction  of  a aoa-ab sorb log  seeking  for  the  flla,  anil  the 
ware  length  of  the  incident  radiation.  The  backings  need  for  the  (.eld 
blades  under  eeaeide ration  here  wem^xaained  eeparatel/  in  the  f^r 

infrared,  and  were  ebeerred  to  be  100  per  oent  tranwaitting.  Their  index 

Me  OtJfoue. 

ef  refraction  la  therefore  effectively  unity,  no  that  Case  XXX  of 


Te&sanc  * 


>ce 


applies  here i 

i (i«  * ‘ ,ib  vr 


B • 


I*  Iaa.l(Z#.rZae).inI^ 


(Bq.  l) 


T «, 7~ 

2 ...  I..  - 1<Z„.  ♦ IM)  .1.  I..| 

indchfit 

where  R ■ fractioa  of  radiation  reflected 

indetwt 

T ■ fractioa  of. radiation  transmit tod 

A 

Z at  n 4 lk 
on 

a • index  of  reflection  ef  conducting  file. 
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Fq.  (9)  is  r«ry  useful  for  n'plicetiene  in  tbs  Infrared,  for  it  relates 
the  electrical  conductivity  of  the  film  directly  to  the  absorption  per 
unit  transmission  of  the  film.  The  only  condition  to  its  application  is 
that  the  ratio  of  film  thickness  to  wavelength  be  sufficiently  small.  While 
reflection  and  transmission  are  themselves  extremely  complicated  functions 
of  both  conductivity  end  permittivity  of  the  film  as  demonstrated  by  Eqe. 

(7)  and  (8)j  the  right  hand  side  of  Eq.  (9)  1*  independent  of  the  permit- 
tivity of  the  film,  and  is  a simple  quadratic  functien  of  tha  reduced  con- 
ductivity per  square  of  film.  As  the  ratio  a/X  approaches  tero , ue  a 
oTfnroc.ches  a/T  asymptotically,  ant?  ceases  to  depend  explicitly  on  a/X» 

Thus,  for  thin  films,  the  explicit  dependence  of  jeeefa  on  film  thickness  is 
only  very  elicit.  This  is  very  important  vben  the  conductivity  per  square 
film  of  metal  blacks  ie  to  be  determined  from  experimental  data  on  £ , for 
the  density  and  consequently  the  thickness  of  the  blacks  are  net  easily 

found  accurately.  The  expression  A/T  = (l-T-^Tj  depends  for  metal  blacks 

/S 

largely  on  the  transmission,  and  lees  so  on  reflection.  Thle^beeause 
blacks  have  rather  indistinct  surface*  and  hence  small  reflectivity.  This 
reflectivity  may  be  somewhat  diffuse  rather  than  completaly  specular,  a 
fact  not  recognised  when  the  meaeurer^nte  reported  here  were  made.  The 
value  'o:  ^he  reflection  used  may  therefore  be  somewhat  lev,  but  this  error 
doee  not  affect  the  value  of  A/T  very  much. 


RESULTS,  Part  X 

Table  X lists  the  result*  of  reflection  and  transmission  measurements 
made  atThe  Johns  Hopkins  University  on  four  gold  black  samples  at  three 
different  wevelengths  in  the  far  infrared.  The  density  of  thee*  sample* 
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In  the  present  paper  the  reduced  conductivity  is  considered  more  fundamental 
than  the  optical  eons tents.  However » the  optical  constants  eon  be  calcu- 
lated, where  desired,  by  the  Use  of  -qs.  (5)  end  (o).  when  the  wavelength 
is  large  coapared  to  the  thidenees  of  the  gold  black,  the  expression 
i (n  v ik)  2na/}j*  is  snail*,  for  a and  k rarely  axceod  3.5,  ihe  following 


* /hen  the  wavelength  is  snail  compared  to  the  fila  thickneee,  the  optical 
density  (loglo  l/T)  is  directly  proportional  to  jicffa4.  for  long  wavelengths 
interference  effects  must  be  taken  into  account  as  is  done  in  tnis  paper. 


approximations  n&y  be  used  when  j (n  v ik)  ?na/^|a^li 

r* 


tin  X a * Ka 
a a 


cos  K^a  • 1 - 1/2  (&aa)* 

substitution  of  those  expressions  and  :qs.  (3)  and  (U)  into  Hqe.  (l)  and 
(?)  produces t 


i ?r,a/^ 

[w*1! 

| ♦ 4 i Jic$*a(3  /ra)l 

Is 

M 

"l  - (2n*a*/l»)£ 

</“//««.  > + 7 

l ^ioCh(J/ra)| 

J-  i(2na/fl  )£ 

♦ 1 ♦ 


iijicfi'a  A/m)||* 


( "<i*  7 ) 


2^1  - (2n»a»/1»)^(^0i0)  ♦ \ i ycCaft/na)^  - 1(2™/})^/^ 

♦ 1 ♦ \ i J»e«e  0/na)"^|  * 


) 


0 

(2q.  g) 

Defining  the  absorption  coefficient  a ast 
A 1 - R - T 

ans  substituting  for  R and  T the  sxprsr slone  givea  in  Sqe.  (7)  and  (6)  produces t 


V*  • («a//|  f (jtoCTu)*  ♦ (2n*«*/3 *)|^cd'a 
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7. 

la  300  to  500  tlaes  a*  anall  aa  that  of  hulk  gold1,  fable  I alto  contains 
raluea  of  m/A  far  all  saaples  and  ware  lengths , computed  fro  a tha  weight 
par  unit  araa  of  sample,  using  far  ths  ratio  of  tha  density  of  hulk  gold 
to  that  of  tha  gold  black  the  raluea  z ■ 150  and  z ■ 500.  Iq.  (9 ) la  not 
appllcabla  to  all  easaa  enunerated  In  Tab  la  I.  particularly  for  z * 500 
bacauaa  tha  requirement  1 (a  ♦ lk)  2m/X  | *<<  1 la  certainly  not  satisfied 
when  na/A  ~1.  The  cases  where  Iq.  (9)  is  not  applicable  are  Indicated  by 


an  asterisk 
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fABIJ  X**  Obeerred  reflection  and  transniesion  of  gold  blade  deposits 
at  different  vare lengths l calculated  na/A  values  for  the  de- 
posits^ assuaing  different  densities. 


Saatple 

2. 

■i crone 

I f 

peroent 

WA 

x - 150 

x - 500 

53 

105 

13.0 

25.5 

0.295 

0.984* 

3^5 

16.2 

25 

0.0900 

0.300 

455 

19-5 

21.6 

0.0682 

0.227 

57 

105 

10.7 

41.2 

0.162 

0.539* 

3**5 

7.8 

4o.s 

0.0492 

0.164 

455 

8.8 

37.1 

0.0373 

0.124 

58 

105 

10.1 

39.** 

0.196 

0.653* 

3^5 

9.7 

36.8 

0.0597 

0.199 

455 

8.8 

34.1 

0.0452 

0.151 

52 

105 

2.2 

73.4 

0.0693 

0.231 

3^5 

2.6 

69 

0.0211 

0.0703 

455 

5 

67 

0.0l60 

0.0533 

*Sqt.  (9 ) net  applicable 
••Reliability  of  data  ie  ^1% 

x ie  the  ratio  of  the  density  of  hulk  gold  to  that  of  the  gold  black 


deposit 


9. 

The  casei  where  Jq.  (9)  applies  were  solved  first,  and  by  extrapola- 
tion froa  the  results  thus  obtained  first  estimates  were  ntade  for  the 
other  cases.  This  procedure  thus  yielded  twenty-four  Talues  for 
namely  one  for  each  of  four  samples  c.t  three  ware  lengths,  assuming  two 
ralues  of  the  density  ratio  of  bulk  gold  to  B gold  black.  Of  these  twenty- 
four  values  most  were  assumed  to  be  good  approximations  because  they  were 
obtained  from  Iq.  (9)  under  conditions  where  this  equation  is  presumably 
applicable.'  The  remainder  were  considered  only  first  estimate*  In  a 
ssriss  of  suoesssiTe  approximations.  The  entire  set  of  Talues  was  sub- 
jected to  the  following  teat  which  serred  both  as  a cheek  on  the  approxi- 
mate method,  and  as  part  of  a suceeesiTo  approximation  method  where  the 
need  for  more  accurate  computations  was  indieatsd. 

Pros  the  estimate  of  nctfa  the  optical  constants  n and  k were  calea- 

Mese 

latod.  using  Eqs.  (5)  sad  (6).  For  calculations  a knowledge 

of  € and  is  required.  The  latter  quantity  can,  for  non- magnetic  films, 
be  set  equal  to  that  of  vacuum,  i.e.  |i  « ^ . The  permittivity  of  r nirture 
is  a linear  combination  of  the  permittivities  of  the  components,  each  com- 
ponent being  weighted  by  ite  relative  00 nee nt rat lorn.  Oold  blacks  consist 
of  only  e fraction  of  a volume  percent  of  gold;  their  permittivity  can 

therefore  be  approximated  by  that  of  air  . It  should  be  emphasised 

o 

that  thle  approximation  it  only  used  in  testing  the  applicability  of  Iq. 

(9),  but  never  to  obtain  results  when  Xq.  (9)  dees  apply. 

Setting  ji  ■ and  £ ■ ia  Bqe.  (5)  and  (6)  enables  ome  to  obtain 
n and  k.  When  n and  k are  known,  R and  T can  bo  calculated  from  Iqs.  (l) 
and  (2)i  this  computation  was  carried  out  on  Whirlwind  I,  the  electronic 
digital  computer  at  the  Massachusetts  Institute  of  Technology.  Trom  the 
values  of  I and  T that  obtained  l/T  was  calculated  and  compared  with  the 


10. 


ebeerveA  ulw.  The  vtluai  of  £60*  leading  to  covpnted  rallies  of  k/f  1* 
agreeaeat  with  the  obeerred  ease  are  lletad  la  fahla  XX  together  with  the 
obeerred  and  calculated  relate  of  A/f . fwe  Interesting  obeerratlene  eaa 
be  nade  la  Table  XX,  naaely  that  for  the  thlaaeet  eanple  (eanple  52  )£ooa 
■ a/T  within  the  accuracy  reported  and  that  the  results  for  the  two  eztrene 
ralues  of  the  density  ratio  aoeaned  are  not  rery  different.  Only  two 
Alglte  are  eaperlaen tally  elgaif leant. 
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fAKl  IX.  ledneed  conductivity  p or  ifurtt  and  absorption  par  unit 

transmission  for  difforont  donoitlea  of  gold  blacks  deposits. 


Sanplo 

Ar 

^effn 

hJjL 

calculated 

observed 

nlcrons 

x « 150 

x « 500 

X * 150 

x « 500 

53 

105 

1.8 

1.4 

2.4 

2.4 

2.4 

545 

2.3 

2.0 

2.3 

2.3 

2.35 

ku 

2.7 

2.4 

2.7 

2.7 

2.7 

57 

105 

1.2 

1.0 

1.1 

1.2 

1.2 

3*5 

1.3 

1.3 

1.3 

1.3 

1.3 

455 

1.5 

1.5 

1.5 

1.4 

1.5 

5® 

105 

1.2 

1.0 

1.2 

1.3 

1-3 

3>*5 

1.4 

1.4 

1.5 

1.5 

1.5 

*55 

1.7 

1.6 

1.7 

1.7 

1.7 

52 

105 

0.33 

0.33 

0.33 

0.33 

0.33 

3*5 

0.41 

0.4l 

0.4l 

o.4i 

o.4i 

*55 

0.42 

0.42 

0.42 

0.42 

0.42 

x is  tbe  ratio  of  tbs  density  of  bulk  gold  to  that  of  tbs  gold  blank  deposit 
jseon  is  tbs  reduced  conductivity  per  square  of  deposit 
A is  tbs  absorption 


V is  tbs  transnisslon 


TFfCBT,  ?*rt  III  KIJtfATIOI  TlWf  Of  lOlCTHOfS  XI  XZTil  1UCIS 


The  experimental  results  indicate  that  the  conductivity  at  455  f 

/natfcaMed 

i«  consistently  higher  than  at  105  j*.  Barrie  aad  Beasley*  hart  jaf 
a decreasing  conductivity  as  the  wavelength  increases  fro  a 7 {*  to  15  |i> 
this  conductivity  being  about  1*75  tinea  their  do  conductivity  aad  about 
twice  the  value  reported  la  table  XX  for  105  Tbas  the  ceadnetlvity 
geea  through  a alaiaoa  between  7j»  aad  455  p.  The  iaereaae  of  eoaductivity 
with  increasing  wavelength  oa  the  long  wavelength  aide  of  the  minima 
indicatea  that  the  relaxation  effect  predoaiaatea  hare.  The  daeroaaa  of 
the  eoaductivity  with  Inc reusing  wavelength  oa  the  abort  wavelength  side 
of  the  minimus  indicates  that  here  the  condenser  effeet  predoaiaatea. 

The  relaxatloa  affeot  therefore  appears  to  prodoaiaato  in  at  loast  the 
aajor  portion  of  the  wavelength  region  105  p < A ^55^,  though  the  exact 
position  of  the  minima  la  not  known.  The  following  aaalyale  shown  * at 
least  fenl-quaatltatlvely,  that  the  condenser  effeet  aay  be  neglected  in 
the  wavelength  region  A y 105  ju. 

The  adalttanoe  of  a aye  ten  of  etrando  can  be  eetlaated  by  an  equiva- 
lent electrical  circuit  containing  condensers  aad  resistors.  The  fact 
that  black*  conduct  direct  currents  indicates  that  there  are  uninterrupted 
conducting  paths  In  the  black.  These  paths  my  be  quite  devious  and  mch 
longs r than  the  shortest  distance  between  the  electrodes  ussd  to  masurs 
direct  current  eonduetlvltyt  they  are  represented  in  the  network  by  a 
•eriee  of  resistances.  There  nay  bo  ohortor  paths  between  the  electrodes 
which  pass  through  gaps  or  through  non- conducting  impurities  in  the  strands. 
Such  gaps  ars  represented  by  shunt  condensers  in  tbs  equivalent  circuit. 

The  adsdttancs  of  these  condensers  is  sera  for  direct  current*  but  increases 
with  increasing  frequencies.  Therefore  an  increasing  number  sf  paths 


r 


13. 

participate  la  passing  cor  rant  aa  the  frequaaey  lneraaaaa,  ao  that  tha 

conductivity  will  lacraaaa  appreciably  whan  tha  wavelength  becomes  laaa 

than  a critical  value  ^ • At  thla  critical  wavelength  tha  aAalttanca  of 

6 

tha  ahunt  con&anaar  at  laaat  equal  a that  of  tha  chanted  re  a lata  nee,  1 a. 

C«£  « 0,  where  CJ  ■ 2Tte/A#.  where  e la  the  velocity  of  radiation  in  vacuo, 

C the  capacitance  of  the  condenaer  and  0 the  conductance  of  the  ahnnted 
realatance.  Therefore  V a 2ucC/0.  The  conductance  and  capacitance  can  he 
expressed  In  teraa  of  the  conductivity  of  a aetal  atr&nd,  0^,  the  peralt- 
tlvlty  of  a cap, £ , the  cross-sectional  area  of  a atr&nd,  which  la  alao 
the  plate  area  of  the  condenaer,  A,  the  length  of  a strand,  d , and  the 
total  length,  d,  of  all  the  gaps  in  the  strand: 
t>.  l and  C • (£A)/(4rtd) 

Therefore  ^ * r c ^ £ /( O'  d ) 

C 2 ■ 

when  the  peraittlvlty  of  the  gape  equals  that  of  vacua*,  c£  • (376.7)** 

nho.  for  hulk  gold  tha  conductivity  ie  of  the  order  of  lCf  *ho/e*j  this 

value  le  an  upper  Halt  for  the  conductivity  of  a strand.  Denoting  the 

ratio  of  the  conductivity  of  a gold  strand  to  that  of  hulk  gold  hy  •h*, 

ona  obtains  C'^-10^  h aho/ca,  OthCl.  Therefore  3 r^l.33  x 10**  aierona . 
a c 

r pAW*  The  assumption  that  the  condensers  do  not  contribute  to  the  con* 
ductivity  of  the  black  ie  justified  if 

1 c«  lO^i,  i.e.  if  dh/  I.33  x lCf* 

As  conservative  estimates,  let  h he  not  more  than  10  *,  and  let  tha  total 
length  of  gaps  in  a strand  add  up  to  not  aort  than  1 par  cant  of  tha  lsagth 
of  the  strand.  These  values  would  lead  to  a lower  limit  of  dh/  namely 
dh/  10"\  which  still  exceed*  I.33  x 10“*  hy  a large  factor.  Therefore 


14. 


it  nay  Isa  concluded  that  loop,  so  that  the  condenser  effect  need 

not  bo  oon»14orod  in  tho  warn  length  region  y)  IQCju 

i'he  relaxation  effect  le  therefore  very  suitably  studied  by  mane 
of  radiation  of  wavelength  greater  than  100  Lrude*  and  Zener3  hair# 
considered  forces  acting  on  the  electrons  t hat  are  proportional  and  op- 
posite in  direction  to  their  Telocity,  hence  frictional  in  nature.  1'hey 
derived  the  following  expression  for  the  conductivity* 

2rt  no#V3* 

’ w?3*»  l"* 10) 


where  OT  * conductirity 

n * concentration  of  electrons 
0 

e - electronic  charge 

T ■ time  necessary  for  average  relocity  to  drop  to  a fraction  l/e 
tines  its  original  value*  this  Is  called  the  relaxation  tine, 
c * relocity  of  radiation  in  vacuo 
} - wavelength  of  radiation 
Letting  } go  to  inf laity  in  equatl  n (10)  produces 

O'  d0  * 20  •*  (3q.  11) 

dividing  o.  (11)  by  Zq.  (10)  gives 


(pe <Td(,a/|ictf’ a)»  1 ♦ T*  (2no/^  )*  ( iq.  12) 

i*roa  q.  (11)  is  is  seen  that  de  raeaeuremnte  only  give  information 
about  the  product  of  the  electron  concentration  and  the  relaxation  tine, 
i'q.  (12)  shows  that  masursmnt  of  the  conductivity  at  various  wavelengths 
can  produce  data  froa  which  to  derive  the  relaxation  tine  independently. 

It  le  hoped  that  a series  of  Hall  effect  nessurenente  now  being  performd 
will  yield  independent  inform t ion  about  the  electron  concentration. 


15. 

IXSOLfS,  Hri  n 

A The  do  conductivity 

” /e 

£q.  (Q)  can  bt  used  to  determine  the  relaxation  tine  if  tbo  reduced 
conductivity  po r equar*  juc^a.  it  known.  Thle  value  was  found  by  plot- 
ted. In  Tig.  1,  (jMson)"1  msam?wa£p  vu.  (2nc/>)*,  using  ••  experimental 
values  thooo  reported  in  Table  XX.  Xxtr&pelatlag  thle  otm. 

which  theoretically  should  be  a straight  line , gives  as  the  ordinate  Inter* 
oopt  (pecr^ap.  for  the  ordinate  axis  represents  A.  00.  Harris  and 
Beasley1  hare  reported  values  of  do  conductivity  obtained  by  dlveet  elec* 
trlcal  sea  *ure  stents.  vhieh  are  nrrlicabla  to  the  sanples  described  here. 
Table  III  lists  the  valuta  of  jpo^a  determined  both  by  extrapolation  of 
tho  data  of  Tabls  II  and  by  direct  aeasurensnte  perforned  on  these  sanples 
prior  to  the  long  wavelength  mearureaents.  The  extrapolated  values  do 
net  agree  very  closely  with  these  obtained  by  direct  aeaeurenent.  The 
discrepancy  is  believed  to  be  dee  te  flight  sintering  ef  the  sanples  ae 
a result  of  the  neaeureaente  with  long  wavelengths,  while  the  sanples 
did  net  appear  te  the  eye  te  be  sintered,  nnd  while  the  tranenleslon  at 
7 |s  waa  found  to  bo  practically  unchanged  after  the  longer  wavelength 
aeaeurenent#  had  been  nade,  slight  sintering  dees  net  affect  tho  optical 
properties  equally  at  all  vavelemths.  Th#  physical  reaeon  is  that 
sintering  reaoves  sons  of  those  gaps  that  prevsat  current  flow  through 
interrupted  strands  at  wavelengths  greater  than  100  p.  Thus  the  do 
conductivity  and  the  conductivity  for  very  long  wavelengths  increase  Ml 
sintering.  At  7 ji  the  ndnittanee  of  the  «ap«  is  so  ouch  larger  that 
they  do  not  inhibit  current  flew!  on  this  basis  the  hi /’her  conductivity 
at  7 p »•  compared  with  that  at  100  u wet  explained  above. 


«l  > 


fig.  1.  (Reduced  conductivity  pei  •quare,  jicOk)”*  v*.  (warelength/2nc )"* 
Of  four  gold  black  •ample*,  x is  the  ratio  of  the  denaity  of 
hulk  ^old  to  gold  black. 


bold  Cjrxa/\ 
id  pd/rd’  , 


ttlll  ZHi  thi  do  eoaduetlrltj  for  goli  klMki 


16. 


Saaplo 

ly  <rt»pol>tl«i  In  Tig.  1 two  roolotoaco  — aroroaepf 


x • 190 

* - 500 

53 

2.6 

2.3 

l.f 

57 

1.4 

1.4 

O.96 

51 

1.6 

1.5 

1.2 

52 

0.44 

0.44 

0.3C 

x it  tho  ratio  of  tho  donolty  of  talk  gold  to  that  of  tho  gold  black 
dopooit. 

PCJde*  111  th#  ^^uood  Ao  oondnctiTity  por  ofuaro  of  fll* 
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Hhe  rtf'O'p'hl  of  gap*  therefore  dose  not  increase  the  conduct irity  at  7 ^ 
aaarly  as  mch  as  that  at  100  p..  It  haa  baan  obaarrad  that  a aanpla 
that  wintered  sufficiently  ao  that  a brownish  eaet  was  obaarrad,  had  at 
laaat  a thraa  fold  increase  in  dc  conductivity.  Since  the  discrepancy 
between  the  Tains • obtained  by  the  two  naaeureaente  rapertad  In  Habit  III 
le  such  late  than  threefold,  the  aaount  of  sintering  that  would  account 
for  the  de  die ere pane/  is  not  nearly  enough  to  altar  the  appearance  af 
the  • ample  in  risible  radiation.  ?or  the  sane  raaeen  the  Matured  Talus  a 
at  7 )*■  are  net  nearly  ae  eeneitire  to  sintering  aa  those  aade  in  the 
wavelength  region  beyond  100  jx  and  with  direct  currant* 

B The  relaxation  tine. 

Froa  the  elopes  and  intercepts  of  the  eurrea  drawn  In  Jig.  1 the 

relaxation  tine  le  confuted.  The  results  are  listed  in  Table  IT,  and 

TT  ... 

a«rae  reaarkably  wall  with  each  othar  and  with  the  ralna  S~10  **  aao. 
reported8  for  bulk  natal.  The  agreement  between  the  mines  calculated 

•Salt*,  "Modern  Theory  of  Solids",  let  ed.  MeChraw  1111.  P-  6 39 

attuning  different  mluee  of  the  danelty  ratio  la  reassuring  A relaxa- 
tion tlM  of  electrons  In  gold  blacks  of  tbe  sane  order  of  Magnitude  aa 
that  of  electroaa  In  bulk  geld  accounts  for  the  wavelength  dependence 
of  the  conductlrlty  obe erred  for  four  gold  blade  saapleo. 

The  choice  of  werrelengthe  A ■ 3**5je  and  A ■ ^59je  was  nade  before 
tbe  theoretical  analysis  was  performed.  In  Tig.  1 these  two  raluee  art 
eeen  to  be  ee  elate  together  for  the  ntudy  of  relaxation  time  aa  hardly 
to  represent  independent  aeasureneate.  It  is  hoped  that  the  resulta  pro- 
eented  here  nay  at  inula te  further  neasureaeate  in  the  region  lQ5j»  <><T  ^9f 

la  order  te  cheek  the  linear  dependence  of  the  reciprocal  reduced  eoadao- 

Of 

******  P*r  •quare  an  the  tfuare  m the  reciprocal  wareleagth. 


VAILS  If.  Itlanlln  tin  if  ilietmi  1*  cold  black  Aopoolto. 


toaplo 

SolaxatloB  tiaa 

(if) 

x - 150 

500 

53 

3.8  x I©** 

4.5  * lo** 

57 

2.5  * 10~u 

3.7  * 1©“U 

5* 

3.2  * 10~u 

4.1  x 10~u 

52 

3.2  x 10" u 

3.2  x 10~u 

x &■  tbo  ratio  of  tho  doooitjr  of  talk  gold  to  that  of  tho  cold  blade 
dopoolt. 
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COICLO'ilOVS  ABO  SUM  MAPI 

The  range  «f  larger  then  105  ^ tppwri  wrf  aeefal  far 

ti»  imtUfillii  of  Um  Wkwinr  af  electron*  la  aetal  )1mIi  and  Ualr 
absorptive  power.  While  do  sendee  tivity  aaasareaenta  only  diva  the  product 
af  *l*otroa  concentration  aad  relaxation  tlaa,  tha  determination  of  the 
conductivity  by  apt  leal  aaaaa  at  variou*  war*  1«  aft  ha  presides  aa  ladapaodaat 
aaaaa  af  determining  tha  relaxation  tins. 

The  ralazatlaa  tlaa  af  elootrene  la  blaeka  wa a faaad  ta  be  af  tha 
same  order  of  magnitude  aa  that  In  hulk  sold,  fhia  would  indicate  that 
the  amplitude  of  oaolllatlou  of  the  eleotroae  la  aa  aaall  that  the  flaa 
atate  of  division  of  sold  la  a black:  doea  aot  hinder  the  reaponae  of  tha 
electron  to  radiation  of  wavelei^tb  greater  than  100  jx. 

A elaaad  expression  waa  derived  for  f lading  the  conductivity  of  «ar 
thla  fllaa  at  wmtf  large  wavelengths  la  term*  of  tha  observed  traaaalasloa 
aad  ahaorptloa  of  a ay  film,  whether  a black  depoalt  ar  a bright  film.  It 
has  beta  aha«a  that  tha  reduead  conductivity  par  square  of  flla  la  a wary 
fnadaaental  property  of  aotal  filas  aad  a Tory  maoful  oa«  because* 

£ It  dotoralaoa  directly  the  cptioal  behaviour  of  the  flla  and  at 
long  wavelength*  approaches  the  absorption  per  unit  traasalaaloa  asymptoti- 
cally. 

£ St  la  dluanaioalaaa. 

£ It  aaa  be  determined  without  a very  accurate  knowledge  af  the 
density  af  tha  flla. 

The  optical  constants  are  net  nearly  aa  uaaful  baaauaa  they  art  strongly 
dapeudaat  on  the  ianalty  of  the  black.  While  It  waa  originally  thought 
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that  they  had  to  be  deteralned  first  fro*  optical  aeasuroaeat*  la  order 
to  fiad  the  conductivity,  it  mow  turn*  oat  that  by  mom  of  Xq*  (9)  too 
conductivity  io  foaad  orach  aero  easily  than  are  the  optical  ooastamto. 

fh*  following  conclusions  oaa  ho  drawn  froa  the  prooont  inveatiga- 
tion  about  the  a t rue t nr a of  aotal  black*: 

A*  the  black*  bar*  aa  extrenely  lav  donaity  aad  70%  conduct  direct 

current*  they  probably  eoaoiat  of  yarn-like  at  rand*  of  crystallites  rel- 

ConoiucJoLrtce. 

atlrely  far  apart,  fh*  dc  aaadean daddy  of  aotal  blade*  i*  about  10  * 
tiaoe  that  of  bright  lope a it*  of  oeaparablo  weight  par  unit  area,  fhie 
lev  ratio  io  due  hath  to  the  longer  ooaductiag  path  la  bladeo  aad  to 
the  lever  concentration  of  electron*  la  the  black  a.  Thia  coaparatlvoly 
lev  concentration  baa  tvo  onuses,  aaaoly  the  lev  concentration  of  aotal 
in  bladeo,  aad  the  lev  concentration  of  electron*  in  the  natal  * tread*, 
fh*  conoentratlon  of  aotal  in  the  blade*  1*  dot* rained  by  the  density 
ratio  s =3.  900.  That  the  concentration  of  electrons  in  the  strands  is 
coaparatlvoly  lov  is  suggested  by  the  cooperatively  lev  conductivity  of 
thin,  bright  gold  files* 


■all  offset  noaaure- 

noats  are  being  planned  to  find  the  electron  concentration  in  the  black 
deposits;  combining  the  results  of  these  aea sure neats  vlth  the  est lasted 
density  rati*  1 $00  enables  aa*  to  find  the  eeneontratloa  of  electrons 

in  the  strands.  Coablalag  the  results  of  Hell-effect  aoaaureaeats  vlth 


th«  value e for  do  conductivity  and  relaxation  tine,  reported  in  thie  caper, 

Sep  25  I fi  0 6 ’53 

length  of  the  unintt 


should  give  the  average  length 


corrupted  natal  strand*  in  black*. 
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